This paper reviews methods of environmental sampling for radionuclides around operational and preoperational nuclear power plants. We examine in detail the implications of the established radiation standards and their effect on sampling procedures. Transport mechanisms of radionuclides in liquid effluent, and the deposition of airborne radionuclides onto soil and vegetation are discussed. We evaluate water-and soil-sampling procedures. The Lawrence Livermore Laboratory program of terrestrial gamma-ray surveys at preoperational nuclear power plants is described.
Introduction
The National Environmental Policy Act of 1969 requires preparation of an environmental impact statement for each nuclear plant by the Nuclear Regulatory Commission (NRC). There are many similar state and local regulations. To satisfy the regulations, the electric utilities must: (1) study the ecosystems surrounding the plant before operation so as to predict the impact and to minimize adverse effects, and (2) monitor the plant vicinity during operation so as to determine the actual impact.
In this paper a general overview is given of the methodology for monitoring radioactivity in the soil, vegetation, and water around nuclear power plants. Specific sampling methods, equipment, and procedures are discussed, as is general sampling design.
Radiation Standards
Rules governing environmental monitoring have been published by the NRC and other agencies. [1] [2] [3] [4] [5] The NRC has stated that releases of radioactivity in gaseous and liquid effluents from light-water-cooled power reactors must be kept "as low as practicable," so as to keep additional radiation exposure to persons living near nuclear power plants at small fractions of both natural background radiation levels and existing radiation protection limits. But the specific design objectives of the regulations5 are: (1) to limit the amount of radioactivity released in liquid effluents from any light-water-cooled power reactor to levels that would keep the annual exposure to an individual in an unrestricted area to not more than 3 millirems (mr) for the whole body and not more than 10 mr to any organ; (2) to limit releases of radioactivity in gaseous effluents from any light-water-cooled power reactor to keep annual exposures to an individual in an unrestricted area to a maximum of 5 mr to the whole body, and not more than 15 mr to the skin; and (3) to limit releases of radioactive iodine and other radioactivity from any light-water-cooled power reactor to keep annual exposures to the thyroid of an individual in an unrestricted area to no more than 15 mr.
Existing radiation protection standards are designed in terms of permissible human exposure levels rather than lowest practicable emission levels. They limit to 500 mr, the total annual exposure to an indi- tLawrence Livermore Laboratory, University of California, Livermore, California 94550. vidual in the general population from all sources of radiation except natural background and medical sources. Because of the time-lag involved in calculating doses, operating limits have been derived for application at the sources. For example, concentration guides for air and water have been provided. 6 The dose is calculated from measured concentrations to demonstrate compliance with regulations. Standardized human parameters are normally used in these calculations, 9 however care must be taken, because local dietary and recreational habits may have significant effects on the actual doses, and because these concentration guides do not take into account exposure which might result from multiple sources or from enrichment mechanisms in the environment.
The EPA Surveillance Guide4 recommends methods for conducting a minimum-level off-site environmental radiation monitoring program. However, this program addresses off-site measurements only and must be supplemented by on-site measurements in the stack and in the liquid effluent stream. The number, the source media, and the source location of samples may vary from site to site. At times it may not be possible or practical to obtain samples of the media of choice at the most desired location or time. In these instances, suitable alternates may be chosen for the particular pathway in question and submitted for acceptance. The suspected presence of fresh fallout from weapons testing or other sources may warrant more frequent sampling and more detailed analyses. The recommended program includes monitoring the four basic exposure pathways: air, water, food, and external radiation. We will discuss here the monitoring of water and water sediments as well as soils and vegetation.
Monitoring Programs
The purpose of environmental monitoring is to describe the impact of a given nuclear power plant at a specific time and location and to obtain data that can be used as a basis for future action. The monitoring must be carried out with an understanding of the potential impacts and the existing physical conditions around each plant.
Monitoring takes place in three stages: initial studies, preoperational monitoring, and operational monitoring. Initial studies are carried out in the vicinity of the plant site to identify possible impacts and to predict the magnitude of the expected changes. Preoperational monitoring is carried out to determine the characteristics of the ecosystems at the plant site before operation.
Other purposes of preoperational monitoring are:
(1) to design a monitoring program for ultimate use in the operational stage, (2) to take background measurements for comparison with operational data, (3) to develop and evaluate sampling measurement procedures and laboratory analysis capability, (4) to detect previously unevaluated impacts, (5) to measure radiation from other sources such as weapons test fallout, (6) to collect data that can be used in the required environmental impact statements, and (7) to identify critical pathways for radionuclide transport from the source to man. Operational monitoring is carried out to ensure that adverse environmental impacts are minimized and that regulations are complied with.
Environmental measurements fall into two categories, in-situ field measurements using mobile or fixed instruments and measurements made on samples taken in the field and brought back to the laboratory. Either continuous (composite) or grab samplings may be taken.
Grab samples and laboratory analysis are usually adequate for routine environmental surveillance conducted to evaluate contamination rather than to detect radionuclide releases. Analysis methods are discussed in another paper in the symposium.
Water Sampling and Analysis Figure 1 illustrates the pathways of released radionuclides through ground and surface waters to man. 4 The drinking water pathway is considered most significant. Liquid effluents will disperse immediately on contact with surface water, and the rate of dilution will depend on the relative volumes and flow rates of the liquid effluent and the receiving water. In a river the dilution will be proportional to the ratio of flow rates of the effluent and the river.11
The sediments of the receiving waters will contain some of the discharged radionuclides. The concentration in the sediments is governed by the effluent release rate, the stream velocity, and the presence of organic debris. Mixing processes in eddies, confluences, or impoundments may also increase sediment concentrations.
The most dangerous radionuclides in surface water and sediments are 134Cs and 137Cs. 1 aThe number, media, and location of sampling may vary from site to site. It is recognized that, at times, it may not be possible or practical to obtain samples of the media of choice at the most desired location or time. In these instances suitable alternate media and locations may be chosen for the particular pathway in question and submitted for acceptance. In addition, the suspected presence of fresh fallout from weapons testing or other sources may warrant more frequent sampling and more detailed analyses.
bFor facilities not located on a stream, the upstream sample should be taken at a distance beyond significant influence of the discharges. The downstream sample should be taken in an area beyond the outfall which would allow for mixing and dilution. Upstream samples in a tidal area must be taken far enough upstream to be beyond the plant influence when the effluent is actually flowing upstream during incoming tides.
cGenerally, seawater measurements are not required, except when the vicinity of the plant is utilized for recreational activities. dGroundwater samples should be taken when this source is tapped for drinking and/or irrigation purposes in areas where the hydraulic gradient or recharge properties are suitable for contamination. eIf a reservoir is used, drinking water samples should be taken from the reservoir monthly. If the holding time for the reservoir is less than 1 month, then the sampling frequency should equal this holdup time. Increases in concentration of activation and/or fission products at these sources will necessitate the analysis of tap water for the purpose of dose calculations.
fOther sampling locations may be required on specific sites. For 
Drinking Water
The radionuclide concentrations in drinking water will depend on the dilution of the effluent and the radionuclide decay factors during transit to the sampling point. As in the case of surface water and sediments, tritium will generally have the highest concentration, but the most important radionuclides from a dose point of view will be 134Cs and 137Cs.
Chemical treatment of drinking water will affect radionuclide concentrations. Chlorination precipitates the ferric group and affects only a few radionuclides. Filtration removes radionuclides on suspended particles. Flocculation and filtration remove a fraction of the dissolved radionuclides. Normal water treatment will not affect the tritium concentrations.
Samples should be taken from the first point of public withdrawal (usually the first town or farm downcurrent from the plant) and should establish the maximum amount of radioactivity in the water supply. The sampling location should be the users' inlet line. To improve the accuracy of the dose estimates, treated water samples may also be taken. Drinking water must meet U.S. Public Health Service standards13 in addition to NRC and EPA standards.
Ground Water
Inadvertent contamination of ground water can occur by leakage from waste lines or storage basins, or by recharge from surface streams receiving liquid effluents. To evaluate potential effects, a minimum amount of ground-water monitoring is required. The nearest down-gradient well should be sampled. More wells should be sampled if the direction of ground water travel is not well known.
In soils with exchange capacity, most radionuclides are chemically bound near the source, and decrease in concentration down gradient from the source. Several radionuclides, including tritium (as HTO), radioiodines, and radioruthenium, are only slightly soil bound, and therefore can be used as indicator radionuclides. If the liquid discharge to the soil is continuous, it is possible that the exchange capacity could be exceeded. A contamination front will then proceed in the direction of the ground water flow. Local ground water studies are almost always required to provide reliable quantitative estimates of travel times and down-gradient concentrations of liquid effluents. Most ground waters have detectable amounts of natural uranium and thorium (and their daughters) as well as tritium from weapons tests.
Systematic sampling of preexisting wells and a specially drilled on-site well can provide point estimates of concentration levels useful for monitoring trends. The frequency of sampling and the location of wells to be monitored must be determined from local ground water conditions. The nearest down-gradient well should be sampled.
Ground water sampling usually involves dipping a grab sample. If the flow patterns or contamination levels are suspect, it is recommended that samples be collected at regular intervals using a submersible pump.
Standard methods of water analysis for nonradioactive substances are described in Ref. 14. Laboratory analysis for radioactive substances should include gross 6 measurements, tritium determinations, 89Sr and 9OSr determinations by radiochemistry and 6 counting, and gamma spectroscopy tests. The NRC Regulatory Guide 1.21 recommends that sampling instrumentation and analysis procedures achieve the following sensitivities3: 10-7 liCi/ml for gross radioactivity, 5 x 10-7 iCi/ml for each gamma emitter, 10-5 pCi/ml for each gamma-emitting radionuclide (dissolved or entrained), 10-5 pCi/ml for tritium, and 5 x 10-8 pCi/ ml for 89Sr and 90Sr.
Soil Sampling and Analysis

Deposition of Airborne Radionuclides
The radionuclides released into the air around a nuclear power plant are primarily noble gases and radioiodine. There is also a spectrum of fission and activation products. The quantities released depend on the reactor type and the radwaste system.
The pathways of airborne radionuclides from the stack to the atmosphere to man are shown in Fig. 3 . Noble gases emit direct external radiation, while radioiodine finds its way to the thyroid. The other airborne fission and activation products normally do not contribute significantly either to direct exposure or to internal exposure by inhalation or ingestion. The rate of deposition of airborne radionuclides on surfaces is dependent upon the height of release, the density of the particle, and the ambient air conditions. The accumulation of radionuclides in the soil is influenced by ground cover, crop harvesting, plowing, severe rains, and severe winds. Accumulation of radionuclides in terrestrial vegetation results from deposition of airborne radionuclides and from absorption of the radionuclides in irrigation water. Food products, including vegetables, cereal grains, meat, eggs, and milk, may absorb radioactive substances, the most significant of which are iodine, cesium, strontium, and the fission products.
Soil samples may be taken and analyzed to determine the accumulated concentration of deposited airborne contaminants. Soil sampling should not be considered representative of a period longer than a few years. To Pathways of radioactive materials released to the atmosphere (from Ref. 5 ).
The most useful measure of radioactive concentration is amount per unit area. Thus, it is important to know the depth of the sampling, the bulk soil density, and the concentration distribution with depth.
Site Selection
A critical factor governing the validity of direct sampling is whether or not it is representative of the environment. Any sampling should reflect variability with time and location. Therefore, the number of sites, the site locations, and the sampling frequency are crucial. Anything that will take a core or a plug and that has equal cross-sectional area through its entire depth may be used for taking the soil sample. For surface sampling a 5 cm (deep) x 8 cm (diameter) cookie cutter is adequate. For coring we have found a 25-cm depth to be sufficient in soils with reasonable cation exchange capacity.
HASL Coring Method. The sampling tools used at HASL2 are an 8.9-cm-diameter (3.5-in) top-soil cutter that takes a 5-cm-deep (2.0-in) sample, and an 8.3-cmdiameter (3.25-in) barrel orchard auger that cuts an 8.9-cm-deep (3.5-in) sample.
The topsoil cutter is used to remove the sod to a depth of 5 cm, and the auger is used to take another sample to the desired depth. The soil from ten 30-cm cores is composited to make a single sample weighing from 18 to 36 kg. The total area sampled with this method is 620 cm2 (0.67 ft2). If desired, the sod samples (5 cm in depth) may be kept separate.
HASL Depth Profile Method. This method20 of taking soil samples at various depths is advisable in sandy loam only. When used in other soils, it may result in contamination of subsoil layers. The procedure is as follows:
(1) Lay a tarpaulin (about 2 m2) near the clipped area.
(2) Dig a trench about 60 cm wide, 90 cm long, and 60 cm deep next to the clipped area, placing the dirt on the tarpaulin. (7) Brush away soil particles from the shelf.
(8) Repeat the sampling procedure, and continue until the desired depth is reached. Soil coring tool used at LLL for sample collection.
cylinder is 6.35 cm in diameter and 25 cm in length, and it is equipped with a specially hardened cutting edge to minimize damage in rocky soils. The replaceable cutting edge is shrink-fitted into the barrel of the sampler. Mechanical support is provided by a steel collar welded to the top of the sampler, and the collar is protected by an adiprene cover plate. Crosscontamination between samples is eliminated by using a new plastic liner inside the corer each time the sampler is driven into the soil. The liner rests on the shoulder of the cutting edge insert and is prevented from rising by a lucite spacer.
The procedure used with this corer is as follows:
(1) An undisturbed site which meets the necessary criteria is selected. A 3 m x 3 m (10 ft x 10 ft) square is laid out. Coordinate distances are measured to fixed landmarks.
(2) The liner is inserted into the corer. The spacer is laid on top of the liner, and the adiprene cover is placed on top of the assembly.
(3) The corer is driven into the soil with a 10-lb sledge hamner until the adiprene cover plate is in contact with the soil.
(4) Rods are inserted into holes in the collar, and the corer is rotated as it is pulled out of the ground.
(5) The corer is placed on the ground, and the liner is capped at the top. The sampler is inverted to allow the liner to fall out, and the bottom of the liner is capped.
(6) The liners are stored upside down so that high-activity soil will not be shaken down into low-activity soil.
This corer does not perform well in powder-dry loosegrain soils. They fall out the bottom as the sampler is pulled out of the ground. In these soils, a new step 4 is used. A hole is dug next to the corer. A shovel is inserted under the corer, and the assembly is lifted out on the shovel.
Normally, the 25-cm sample core is sectioned (beginning at the top) into segments of 2, 3, 5, 5, 5, and 5 cm in length. The depth segments from the five cores are then composited to cover a surface area of 160 cm2. (1) The sampler is pushed into the soil to the 10-cm depth. Normally an oak block is placed on the top and a light sledge hammer is used.
(2 Diagram of soil sampler with square crosssection. The locations were laid out as close to the reactor's TLD sites as possible, taking into consideration the prospects of future disruptions for plowing, construction, or other major soil disturbances. The primary concern was to measure the concentration and variation of fallout fission products before startup. To measure these parameters, soil cores were taken at the corners and center of a 10-ft square centered at the detector. The cores were then sectioned as described above, and the section samples were dried, weighed, blended, composited, and counted on laboratory Ge(Li) detectors. Figure 9 shows a gamma-ray spectrum of a typical surface soil section taken at site LLL-K at Cooper Nuclear Station. The spectrum includes gamma rays from 238U and 232Th daughters, from 40K and from 137Cs. Although 137Cs was the only fission product routinely found at each site other observed man-made radionuclides were Zr 144Ce, and 125Sb. At all the sites, the natural radionuclides were uniformly distributed with depth. and assumes a sharp decrease below that depth. In the bottom plot the distribution is exponential down to 7.5 cm where it flattens out. These discontinuities may be due to some kind of disturbance or to different slopes in the five cores which were composited. Soil depth, cm 
